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AbstractȱMembraneȱfoulingȱhasȱaȱstrongȱnegativeȱimpactȱ
onȱ theȱ efficiencyȱ ofȱ reverseȱ osmosisȱ membranesȱ inȱ
seawaterȱ desalination.ȱ Althoughȱ reportsȱ indicateȱ thatȱ
waterȱ abstractedȱ byȱ beachȱ sandȱ filtrationȱ systemsȱ onȱ theȱ
Mediterraneanȱ andȱ Redȱ Seasȱ leadsȱ toȱ lessȱ membraneȱ
foulingȱcomparedȱtoȱdirectȱseawaterȱintakes,ȱonlyȱlimitedȱ
informationȱ canȱ beȱ foundȱ onȱ theȱ efficiencyȱ ofȱ suchȱ
systemsȱ inȱ removingȱ biodegradableȱ dissolvedȱ organicȱ
carbonȱ(BDOC),ȱanȱimportantȱfoulingȱagent.ȱ
ȱ
Thisȱ articleȱ describesȱ differentȱ designsȱ ofȱ beachȱ sandȱ
filtrationȱ systems.ȱ Inȱ orderȱ toȱ investigateȱ theȱ reductionȱ
duringȱ beachȱ sandȱ filtrationȱ ofȱ parametersȱ relevantȱ toȱ
membraneȱ fouling,ȱ suchȱ asȱ totalȱ organicȱ carbonȱ (TOC),ȱ
turbidityȱ andȱ totalȱ nitrogen,ȱ columnȱ experimentsȱ haveȱ
beenȱ carriedȱ outȱ usingȱ naturalȱ andȱ wastewaterȬspikedȱ
seawaterȱwithȱcoralȱbeachȱsandȱfromȱHawaii,ȱUSAȱatȱlowȱ
andȱ highȱ infiltrationȱ rates.ȱ Additionally,ȱ operationalȱ
resultsȱ fromȱ existingȱ beachȱ sandȱ filtrationȱ sitesȱ wereȱ
collectedȱ andȱ supplementedȱ withȱ dataȱ fromȱ aȱ fieldȱ siteȱ
visitȱ ofȱ theȱ Dahabȱ beachȱ wellȱ desalinationȱ plant,ȱ Egypt.ȱ
Preliminaryȱ resultsȱ showȱ goodȱ reductionȱ ofȱ theȱ targetedȱ
parametersȱandȱindicateȱthatȱbeachȱsandȱfiltrationȱwouldȱ
beȱ aȱ valuableȱ preȬfiltrationȱ stepȱ inȱ ROȬbasedȱ drinkingȱ
waterȱproductionȱsystems.ȱ
www.intechopen.com
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ȱ
1.ȱIntroductionȱ
ȱ
Inȱ usingȱ reverseȱ osmosisȱ (RO)ȱ toȱ produceȱ drinkingȱ waterȱ
byȱ desalination,ȱ seawaterȱ isȱ filteredȱ underȱ highȱ pressureȱ
throughȱaȱsemiȬpermeableȱ membrane.ȱ Notȱonlyȱ dissolvedȱ
ionsȱ butȱ alsoȱ colloidal,ȱ organicȱ andȱ biologicalȱ particulate,ȱ
andȱ dissolvedȱ organicȱ matterȱ areȱ retainedȱ onȱ theȱ ROȱ
membraneȱsurface,ȱcausingȱundesirableȱmembraneȱfoulingȱ
(scaling).ȱThisȱhasȱaȱcloggingȱeffectȱthatȱincreasesȱpressureȱ
dropȱ acrossȱ theȱ membrane,ȱ decreasesȱ flux,ȱ raisesȱ energyȱ
demandȱ andȱ reducesȱ theȱ lifespanȱ ofȱ theȱ membraneȱ
elements.ȱ Lifespanȱ andȱ performanceȱ ofȱ anȱ ROȱ membraneȱ
areȱthereforeȱstronglyȱdependentȱonȱtheȱfeedwaterȱquality.ȱ
Dueȱ toȱ theȱ absenceȱ ofȱ tortuousȱ poresȱ inȱ ROȱ membranes,ȱ
conventionalȱ cleaningȱ methodsȱ suchȱ asȱ backwashingȱ
cannotȱ beȱ applied.ȱ Instead,ȱ acidicȱ orȱ basicȱ chemicalsȱ areȱ
usedȱtoȱremoveȱtheȱscaleȱonȱtheȱmembraneȱsurface.ȱ
ȱ
However,ȱ nutrientsȱ suchȱ asȱ biologicalȱ degradableȱ
dissolvedȱ organicȱ carbonȱ oftenȱ persist,ȱ servingȱ asȱ theȱ
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limitingȱfactorȱforȱbiologicalȱgrowthȱandȱtheȱformationȱofȱ
biofilmsȱontoȱtheȱmembraneȱsurface.ȱ
ȱ
Membraneȱ foulingȱ refersȱ toȱ theȱ depositionȱ ofȱ colloids,ȱ
precipitationȱ ofȱ dissolvedȱ ions,ȱ adsorptionȱ ofȱ dissolvedȱ
organicȱ substancesȱ andȱ formationȱ ofȱ biofilmsȱ ontoȱ theȱ
membraneȱ surface.ȱ Theseȱ processesȱ canȱ takeȱ placeȱ
simultaneouslyȱ andȱ affectȱ eachȱ otherȱ [1].ȱ Colloidalȱ
foulingȱ isȱ theȱ depositionȱ ofȱ colloidalȱ particlesȱ ontoȱ theȱ
membraneȱ surface.ȱ Inorganicȱ foulingȱ isȱ theȱ precipitationȱ
ofȱ saltsȱ ontoȱ theȱ membraneȱ surfaceȱ whenȱ theȱ solubilityȱ
productȱ isȱ reachedȱ orȱ exceeded.ȱ Commonȱ saltsȱ
responsibleȱ forȱ inorganicȱ foulingȱ areȱ CaSO4,ȱ CaCO3,ȱ
SiO2ȱ andȱ BaSO4ȱ [2].ȱ Organicȱ foulingȱ isȱ theȱ adsorptionȱ
andȱdepositionȱofȱnaturalȱorganicȱmatterȱ(NOM)ȱontoȱtheȱ
membraneȱsurface.ȱOrganicȱfoulingȱbyȱdissolvedȱorganicȱ
matterȱ (DOM),ȱ suchȱ asȱ humicȱ substances,ȱ polyȬ
saccharides,ȱ aminoȱ acids,ȱ proteinsȱ andȱ fattyȱ acids,ȱ haveȱ
beenȱ foundȱ toȱ haveȱ theȱ mostȱ damagingȱ effectȱ onȱ
membranesȱ inȱ surfaceȱ waterȱ treatmentȱ [3].ȱ However,ȱ theȱ
fractionȱ ofȱ DOMȱ whichȱ hasȱ theȱ mostȱ severeȱ impactȱ inȱ
termsȱ ofȱ organicȱ foulingȱ hasȱ notȱ yetȱ beenȱ clearlyȱ
identifiedȱ [4].ȱ Reportsȱ indicateȱ thatȱ hydrophilicȱ neutralȱ
substancesȱ likeȱ polysaccharidesȱ andȱ proteinsȱ withȱ highȱ
molecularȱ weightsȱ areȱ theȱ mainȱ causeȱ forȱ organicȱ
membraneȱfoulingȱ[5,6].ȱBiofoulingȱisȱtheȱdepositionȱandȱ
growthȱ ofȱ microorganismsȱ onȱ theȱ membraneȱ surfaceȱ
(i.e.,ȱ biofilms).ȱ Biofoulingȱ causesȱ operationalȱ problemsȱ
whenȱtheȱbiofilmȱexceedsȱaȱcertainȱlevel,ȱasȱwaterȱmustȱ
notȱ onlyȱ passȱ theȱ membraneȱ butȱ alsoȱ aȱ layerȱ ofȱ
gelatinousȱ extracellularȱ polymersȱ [7,8].ȱ Asȱ aȱ
consequence,ȱ fluxȱ andȱ membraneȱ permeabilityȱ
decreases,ȱ andȱ saltȱ passageȱ andȱ pressureȱ increases.ȱ Aȱ
studyȱ ofȱ 15ȱ fullȬscaleȱ ROȱ andȱ nanofiltrationȱ (NF)ȱ
membraneȱ installationsȱ andȱ anȱ extensiveȱ literatureȱ
studyȱ onȱ existingȱ ROȱ foulingȱ studiesȱ revealedȱ
biofoulingȱ asȱ theȱ predominantȱ operationalȱ problemȱ inȱ
seawaterȱ ROȱ [9].ȱ Theȱ mainȱ factorsȱ limitingȱ biofoulingȱ
andȱmicrobialȱgrowthȱareȱnutrientȱavailabilityȱandȱshearȱ
forces.ȱ Sinceȱ theȱ formationȱ ofȱ aȱ biofilmȱ startsȱ
immediatelyȱ afterȱ aȱ surfaceȱ isȱ exposedȱ toȱ naturalȱ waterȱ
[10]ȱandȱROȱmembranesȱcannotȱbeȱbackwashed,ȱtheȱkeyȱ
toȱ controllingȱ biofoulingȱ liesȱ inȱ limitingȱ theȱ availabilityȱ
ofȱnutrients.ȱ
ȱ
Theȱ removalȱ ofȱ BDOCȱ andȱ otherȱ undesirableȱ
constituentsȱ usingȱ naturalȱ filtrationȱ processesȱ greatlyȱ
helpsȱ toȱ increaseȱ theȱ longȬtermȱ performanceȱ andȱ
lifespanȱ ofȱ ROȱ membranes,ȱ andȱ inȱ theȱ longȬtermȱ canȱ
saveȱ moneyȱ byȱ reducingȱ theȱ frequencyȱ andȱ necessaryȱ
extentȱofȱcleaning.ȱȱ
ȱ
Also,ȱfreshwaterȱriverbankȱfiltrationȱsystemsȱwereȱfoundȱ
toȱ offerȱ effectiveȱ preȬtreatmentȱ forȱ nanofiltrationȱ
membranesȱ [11].ȱ Theȱ cleaningȱ frequencyȱ forȱ theȱ
conventionallyȱ preȬtreatedȱ membranesȱ forȱ twoȱ differentȱ
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surfaceȱ watersȱ wasȱ inȱ theȱ orderȱ ofȱ eightȱ days,ȱ whereasȱ
thatȱ forȱ RBFȬtreatedȱ membranesȱ rangedȱ fromȱ 62ȱ andȱ 75ȱ
days.ȱBankȱpreȬfilteredȱsystemsȱlostȱbetweenȱ12ȱandȱ24ȱ%ȱ
ofȱ theirȱ initialȱ fluxesȱ overȱ 62ȱ daysȱ ofȱ operation,ȱ whereasȱ
theȱ conventionallyȱ treatedȱ systemsȱ lostȱ betweenȱ 36ȱ andȱ
50ȱ%ȱofȱtheirȱinitialȱfluxesȱoverȱtheȱsameȱlengthȱofȱtime.ȱ
ȱ
Freshwaterȱ bankȱ filtrationȱ systemsȱ areȱ widelyȱ usedȱ
worldwideȱ becauseȱ ofȱ theirȱ highȱ efficacyȱ inȱ removingȱ
dissolvedȱorganicȱcarbonȱ(DOC),ȱnutrientsȱandȱpathogensȱ
[12].ȱAttenuationȱratesȱforȱDOCȱandȱnitrogenȱcompoundsȱ
canȱbeȱ>50ȱ%ȱ[13],ȱbutȱareȱhighlyȱtemperatureȱdependentȱ
[14].ȱ Inȱ general,ȱ naturalȱ filtrationȱ asȱ appliedȱ inȱ bankȱ
filtrationȱ systemsȱ isȱ aȱ reliableȱ lowȬcostȱ techniqueȱ forȱ
providingȱgoodȱqualityȱwater.ȱAȱsimilarȱnaturalȱfiltrationȱ
processȱ canȱ beȱ appliedȱ asȱ preȬtreatmentȱ inȱ subsurfaceȱ
seawaterȱintakeȱsystems.ȱ
ȱ
2.ȱDesignȱofȱBeachȱSandȱFiltrationȱSystemsȱ
ȱ
Beachȱ sandȱ filtrationȱ isȱ theȱ abstractionȱ ofȱ seawaterȱ viaȱ
beachȱwellsȱorȱinfiltrationȱgalleriesȱthatȱareȱlocatedȱalongȱ
aȱ seashore.ȱ Aȱ downwardȱ flowȱ ofȱ seawaterȱ throughȱ theȱ
beachȱ sandȱ intoȱ theȱ productionȱ wellsȱ isȱ inducedȱ byȱ
creatingȱaȱhydraulicȱgradientȱbetweenȱtheȱaquiferȱandȱtheȱ
ocean.ȱ Theȱ beachȱ wellȱ capacityȱ dependsȱ onȱ naturalȱ
hydrogeologicȱconditionsȱsuchȱasȱhydraulicȱconductivity,ȱ
coastalȱ aquiferȱ thickness,ȱ naturalȱ groundwaterȱ flowȱ
directionȱandȱvelocities,ȱasȱwellȱasȱinteractionȱwithȱnearbyȱ
freshȱwaterȱaquifers.ȱSufficientȱwaveȱmovementȱpreventsȱ
cloggingȱ andȱ bayȱ flushingȱ supportsȱ dissipationȱ ofȱ
retainedȱ colloidsȱ inȱ theȱ oceanȱ [15].ȱ Throughȱ naturalȱ
attenuationȱprocesses,ȱsuchȱasȱsizeȱexclusion,ȱadsorption,ȱ
degradation,ȱchemicalȱprecipitation,ȱgrazing,ȱinactivationȱ
andȱ dilution,ȱ beachȱ wellȱ intakesȱ canȱ provideȱ higherȬ
qualityȱ feedwaterȱ inȱ termsȱ ofȱ turbidity,ȱ DOC,ȱ biologicalȱ
stabilityȱandȱbacteriaȱcountsȱthanȱopenȱseawaterȱintakes.ȱ
ȱ
Verticalȱbeachȱwellsȱareȱabstractionȱwellsȱdrilledȱverticallyȱ
intoȱ coastalȱ aquifersȱ withȱ favourableȱ hydrogeologicȱ
conditionsȱ (Figureȱ 1).ȱ Theyȱ consistȱ ofȱ aȱ nonȬmetallicȱ
fibreglassȬreinforcedȱ pipeȱ orȱ PVCȱ casting,ȱ stainlessȱ steelȱ
wellȱscreenȱandȱareȱoutfittedȱwithȱaȱstainlessȱsteelȱpumpȱ
[16].ȱ Horizontalȱ wellsȱ orȱ collectorȱ wellsȱ areȱ madeȱ ofȱ aȱ
verticalȱ reinforcedȱ concreteȱ pumpȱ shaftȱ withȱ lateralȱ wellȱ
screensȱ thatȱ areȱ drilledȱ horizontallyȱ intoȱ theȱ aquiferȱ
(Figureȱ 2).ȱ Verticalȱ wellsȱ areȱ cheaperȱ thanȱ horizontalȱ
wellsȱandȱcanȱbeȱusedȱtoȱexploreȱdeepȱaquifersȱ[17],ȱwhileȱ
collectorȱ wellsȱ haveȱ aȱ greaterȱ screenȱ intakeȱ areaȱ thanȱ
verticalȱ wellsȱ andȱ thusȱ yieldȱ moreȱ water.ȱ Verticalȱ wellsȱ
experienceȱ radialȱ inflowȱ fromȱ seawardȱ andȱ landwardȱ
directions,ȱwhereasȱinflowȱintoȱhorizontalȱcollectorȱwellsȱ
(Figureȱ 2)ȱ dependsȱ onȱ theȱ lateralȱ wellȱ screenȱ designȱ andȱ
canȱ beȱ mainlyȱ fromȱ theȱ seawardȱ asȱ wellȱ asȱ landwardȱ
directionȱ[18].ȱ
ȱ
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ȱ
ȱ

Figureȱ3.ȱHorizontalȱdirectionalȱdrainȱȱ

ȱ
ȱ

Figureȱ1.ȱVerticalȱbeachȱwellȱȱ

ȱ

ȱ
ȱ

Figureȱ2.ȱHorizontalȱbeachȱwellȱ

ȱ
Collectorȱ wellsȱ canȱ beȱ designedȱ (dependingȱ onȱ theȱ
methodȱofȱconstruction)ȱwithȱlateralȱlengthsȱofȱ40ȱ–ȱ70ȱmȱ
forȱ Ranneyȱ typeȱ wellsȱ andȱ upȱ toȱ 110ȱmȱ forȱ Sonomaȱ
methodȱhorizontalȱcollectorȱwellsȱ[19].ȱTheȱsecondȱlargestȱ
seawaterȱ reverseȱ osmosisȱ (SWRO)ȱ plantȱ equippedȱ withȱ
verticalȱwellsȱisȱtheȱBayȱofȱPalmaȱplantȱinȱMallorcaȱwithȱaȱ
totalȱcapacityȱofȱ46,000ȱm3/dȱandȱaȱsingleȱwellȱcapacityȱofȱ
5,600ȱm3/dȱ[12].ȱAȱlargeȱSWROȱplantȱinȱNorthȱAmericaȱisȱ
theȱPemexȱSalinaȱCruzȱplantȱthatȱusesȱthreeȱRanneyȱtypeȱ
collectorȱwellsȱwithȱaȱcapacityȱofȱ15,000ȱm3/dȱeachȱ[16].ȱ
ȱ
Inȱ orderȱ toȱ maximizeȱ theȱ intakeȱ screenȱ areaȱ inȱ shallowȱ
aquifers,ȱwellsȱcanȱbeȱdrilledȱhorizontallyȱfromȱtheȱshoreȱ
towardsȱtheȱseaȱlinearlyȱatȱanȱangleȱofȱupȱtoȱ25°ȱorȱnonȬ
linearlyȱ belowȱ theȱ seabedȱ asȱ horizontalȱ directionalȱ
drillingsȱ (HDD).ȱ Today,ȱ theȱ largestȱ SWROȱ plantȱ inȱ theȱ
worldȱ isȱ theȱ Sanȱ Pedroȱ delȱ Pinatarȱ desalinationȱ plantȱ inȱ
Spain.ȱ Throughȱ 19ȱ HDDȱ drainsȱ theȱ plantȱ isȱ ableȱ toȱ
abstractȱ moreȱ thanȱ 150,000ȱm3/dȱ ofȱ seawaterȱ [20].ȱ Here,ȱ
HDDȱ drainsȱ wereȱ usedȱ becauseȱ theȱ coastalȱ aquiferȱ wasȱ
hydraulicallyȱ disconnectedȱ fromȱ theȱ seaȱ byȱ aȱ verticalȱ
geologicalȱ fault.ȱ Theȱ HDDȱ intakeȱ (Figureȱ 3)ȱ wasȱ
constructedȱ byȱ drillingȱ horizontallyȱ throughȱ theȱ faultȱ toȱ
successfullyȱtapȱtheȱ5ȱmȱshallow,ȱhighlyȱproductiveȱsolidȱ
calcareniteȱmarineȱaquiferȱ[21].ȱ
ȱ
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ȱ
Ifȱ theȱ actualȱ capacityȱ ofȱ theȱ drainȱ intakeȱ turnsȱ outȱ toȱ beȱ
lowerȱ thanȱ theȱ projectedȱ capacity,ȱ HDDȱ systemsȱ canȱ beȱ
easilyȱ convertedȱ toȱ openȱ seawaterȱ intakesȱ byȱ removingȱ
theȱ pipeȱ endȱ capȱ [20].ȱ Inȱ contrastȱ toȱ verticalȱ andȱ
horizontalȱcollectorȱwells,ȱHDDȱdrainsȱallowȱwaterworksȱ
toȱ exploitȱ solelyȱ marineȱ aquifersȱ whenȱ nearbyȱ freshȱ
watersȱ areȱ contaminated.ȱ Anotherȱ advantageȱ ofȱ HDDȱ
systemsȱ isȱ theȱ flexibilityȱ inȱ design.ȱ Spaceȱ limitationsȱ orȱ
expensiveȱ landȱ pricesȱ canȱ beȱ overcomeȱ orȱ reducedȱ byȱ
installingȱhighȱcapacityȱfanȱshapedȱdrainȱbatteriesȱwhichȱ
onlyȱneedȱaȱcomparablyȱsmallȱareaȱforȱtheȱdrainȱjointȱandȱ
theȱpumpȱhouse.ȱ
ȱ
Atȱ sitesȱ withȱ unfavourableȱ hydrogeologicȱ conditionsȱ forȱ
beachȱ wells,ȱ artificialȱ seabedȱ infiltrationȱ galleriesȱ canȱ beȱ
installedȱforȱbeachȱsandȱfiltration.ȱInfiltrationȱgalleriesȱareȱ
constructedȱ byȱ installingȱ screenȱ pipesȱ inȱ excavatedȱ areasȱ
aȱ shortȱ distanceȱ outȱ fromȱ theȱ seashoreȱ beyondȱ theȱ lowȬ
tideȱ lineȱ (Figureȱ 4).ȱ Theȱ excavationȱ isȱ backfilledȱ withȱ
porousȱ materialȱ andȱ screenedȱ pipesȱ areȱ connectedȱ toȱ aȱ
pumpȱstation.ȱ
ȱ
Alternativeȱ designsȱ thatȱ areȱ conceivableȱ forȱ abstractingȱ
beachȱ sandȱ filtrateȱ areȱ illustratedȱ inȱ Figureȱ 5.ȱ Designedȱ
followingȱtheȱexampleȱofȱtheȱLouisvilleȱRBFȱsiteȱinȱOhio,ȱ
USA,ȱ galleriesȱ ofȱ horizontalȱ lateralȱ intakeȱ pipeȱ screensȱ
thatȱ areȱ embeddedȱ inȱ individualȱ artificialȱ seabedsȱ areȱ
connectedȱtoȱaȱsingleȱcollectorȱpipeȱ(Figureȱ5a).ȱInȱFigureȱ
5b,ȱ seawaterȱ isȱ filteredȱ throughȱ anȱ artificialȱ seabedȱ andȱ
abstractedȱbyȱaȱsingleȱlargeȬdiameterȱdrainageȱpipe.ȱ
ȱ

ȱ

ȱ

Figureȱ4.ȱSeabedȱfiltrationȱsystem,ȱadaptedȱfromȱ[23]ȱ

ȱ
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Siteȱ

Oceanȱ

Geologyȱ

Wellȱtypeȱ

Fukuoka,ȱ
Japanȱ

Genkaiȱ
OpenȱSeaȱ

Infiltrationȱ
Galleryȱ

AlȱBirk,ȱȱ
Saudiȱ
Arabiaȱ

RedȱSeaȱ

ArucasȬ
Moya,ȱGranȱ
Canariaȱ
Pemexȱ
SalinaȱCruzȱ
refinery,ȱ
Mexicoȱ
SanȱPedroȱ
delȱPinatar,ȱ
Spainȱ
DanaȱPoint,ȱ
USȱ

Atlanticȱ
Oceanȱ

Artificialȱ
Sandȱ(3m),ȱ
d10=0,4mmȱ
Carbonateȱ
siltyȱsandȱ
withȱshellȱ
andȱcoralȱ
Basalticȱ
rockȱ

Pacificȱ
Oceanȱ
ȱ
Westernȱ
Mediterrane
anȱSeaȱ
Pacificȱ
Oceanȱ

Ȭȱ

Limestoneȱ

Alluvialȱ
sandȱ

Abstractionȱ
rateȱ(m3/d)ȱ
100,000ȱ

SDIȱSW

SDIȱBWȱ

4.3Ȭ5.7ȱ

2ȱ

[25]ȱ

3ȱVerticalȱ
wellsȱ

1,700Ȭ2,900ȱ
eachȱ

3,2ȱ

0,4Ȭ1,2ȱ

[30]ȱ

1ȱVerticalȱ
wellȱ

8,000ȱ

2Ȭ6ȱ

<1ȱ

[35]ȱ

3ȱRanneyȱ
Wellsȱ

15,000ȱeachȱ

Ȭȱ

<2ȱ

[15]ȱȱ

HDDȬ
Neodrenȱȱ

>150,000ȱ

[22,ȱ36]ȱ

Slantȱwellȱ
(23°)ȱ

11,400ȱ

ȱ

<5ȱȱ

(10,6ȱ
NTU**)ȱ

(2ȱNTU**)ȱ

Ȭȱ

0.35*ȱ

Reference

[19]ȱ

*noȱ significantȱ portionȱ ofȱ “young”ȱ seawater,ȱ onlyȱ “old”ȱ seaȱ andȱ brackishȱ groundwater,ȱ **ȱ averageȱ valueȱ (n=5)ȱ 03Ȭ05/2006,ȱ SDIȱ Ȭȱ siltȱ
densityȱindex,ȱSWȱȬȱseawater,ȱBWȱȬȱbeachȱwellȱ
Tableȱ1.ȱSelectedȱsitesȱwithȱsubsurfaceȱintakesȱ

ȱ

ȱ

Figureȱ5.ȱAlternativeȱseabedȱfiltrationȱdesignsȱȱ

ȱ
Theȱ Fukoakaȱ districtȱ SWROȱ desalinationȱ plantȱ usingȱ anȱ
infiltrationȱ galleryȱ hasȱ anȱ abstractionȱ capacityȱ ofȱ
100,000ȱm3/dȱ [18].ȱ Theȱ 2.95ȱ mȱ thickȱ artificialȱmultiȬmediaȱ
filterȱ bedȱ coversȱ anȱ areaȱ ofȱ 20,133ȱm2.ȱ Waterȱ isȱ pumpedȱ
fromȱperforatedȱintakeȱpipes,ȱwhichȱareȱembeddedȱwithinȱ
aȱ layerȱ ofȱ ungraded,ȱ crushedȱ gravel,ȱ toȱ anȱ intakeȱ tank.ȱ
Theȱ infiltrationȱ velocityȱ isȱ approximatelyȱ 5ȱm/dȱ andȱ
adjustedȱ byȱ creatingȱ aȱ differenceȱ inȱ headȱ betweenȱ theȱ
seawaterȱlevelȱandȱtheȱwaterȱlevelȱinȱtheȱintakeȱtankȱ[24,ȱ
25].ȱCareȱmustȱbeȱtakenȱinȱdesigningȱinfiltrationȱgalleries.ȱ
Theȱ typicallyȱ thinȱ layerȱ ofȱ artificialȱ sandȱ aroundȱ theȱ
screenȱ pipesȱ isȱ limitedȱ inȱ itsȱ capacityȱ toȱ retainȱ particlesȱ
andȱ organicȱ substances,ȱ whichȱ isȱ difficultȱ toȱ determine.ȱ
Asȱ aȱ result,ȱ seabedȱ filtrationȱ systemsȱ areȱ moreȱ proneȱ toȱ
poreȱ cloggingȱ thanȱ conventionalȱ beachȱ wellȱ intakesȱ [23]ȱ
andȱ waveȱ actionȱ playsȱ aȱ moreȱ importantȱ roleȱ thanȱ forȱ
otherȱbeachȱwellȱdesigns.ȱ
ȱ
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3.ȱEfficacyȱofȱBeachȱSandȱFiltrationȱ
ȱ
Inȱ membraneȱ applications,ȱ theȱ foulingȱ potentialȱ ofȱ
feedwaterȱ isȱ typicallyȱ estimatedȱ usingȱ theȱ siltȱ densityȱ
indexȱ (SDI)ȱ byȱ settingȱ upȱ aȱ standardȱ deadȬendȱ filtrationȱ
testȱwithȱcontinuousȱflowȱunderȱpressureȱ[26].ȱTheȱSDIȱisȱ
determinedȱ byȱ theȱ decreaseȱ inȱ fluxȱ dueȱ toȱ theȱ
accumulationȱ ofȱ foulantsȱ ontoȱ theȱ membraneȱ surface.ȱ Inȱ
ROȱ desalination,ȱ aȱ feedwaterȱ SDIȱ <2ȱ–ȱ3ȱ [27]ȱ isȱ desirable,ȱ
butȱ valuesȱ <4ȱ–ȱ5ȱ areȱ acceptableȱ [26].ȱ Operationalȱ
experienceȱ withȱ existingȱ beachȱ wellȱ intakesȱ showsȱ thatȱ
beachȱ wellsȱ canȱ deliverȱ goodȱ qualityȱ feedwaterȱ withȱ anȱ
SDIȱ valueȱ ofȱ 0.3ȱ–ȱ1ȱ withȱ noȱ needȱ forȱ furtherȱ preȬ
treatment.ȱ HDDȱ drainsȱ andȱ infiltrationȱ galleriesȱ withȱ
shortȱ retentionȱ timesȱ canȱ reduceȱ SDIȱ belowȱ 5ȱ (Tableȱ 1).ȱ
Onȱ theȱ otherȱ hand,ȱ theȱ demonstrationȱ underȬoceanȱ
seawaterȱfloorȱintakeȱthatȱwasȱinstalledȱatȱLongȱBeachȱinȱ
2008ȱ andȱ designedȱ followingȱ theȱ exampleȱ ofȱ Fukuokaȱ
withȱaȱapproximatelyȱ1.5ȱmȱdeepȱartificialȱseabedȱdidȱnotȱ
meetȱtheȱrequirementsȱforȱROȱmembraneȱdesalination.ȱȱ
ȱ
FurtherȱpreȬtreatmentȱwasȱnecessaryȱasȱturbidityȱandȱSDIȱ
didȱnotȱimproveȱasȱdesiredȱandȱSDIȱwasȱasȱhighȱasȱ6ȱ[28].ȱ
Inȱ comparisonȱ toȱ theȱ originalȱ seawater,ȱ waterȱ abstractedȱ
byȱ beachȱ wellsȱ isȱ characterizedȱ byȱ stableȱ temperaturesȱ
[29]ȱandȱreducedȱbiofoulingȱpotentialȱdueȱtoȱtheȱremovalȱ
ofȱorganicȱnutrientsȱ[30].ȱItȱhasȱbeenȱshownȱ thatȱaȱbeachȱ
sandȱ passageȱ onȱ theȱ westernȱ Mediterraneanȱ Seaȱ ofȱ 0.8ȱ–
ȱ1ȱmȱatȱanȱinfiltrationȱrateȱofȱ10ȱm/dȱreducesȱDOCȱbyȱ21ȱ%ȱ
andȱremovesȱ70ȱ%ȱofȱeasilyȱdegradableȱbiopolymersȱ[31].ȱȱ
ȱ
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Althoughȱ theȱ Longȱ Beachȱ demonstrationȱ underȬoceanȱ
floorȱ didȱ notȱ meetȱ theȱ ROȱ requirementsȱ forȱ SDIȱ andȱ
turbidity,ȱ itȱ wasȱ shownȱ thatȱ DOCȱ andȱ biodegradableȱ
biopolymersȱwereȱremovedȱbyȱ30ȱandȱ75ȱ%ȱafterȱ1.5ȱmȱofȱ
sandȱ passage.ȱ Theȱ highestȱ nitrogenȱ removalȱ measuredȱ
wasȱ byȱ 70ȱ%,ȱ asȱ dissolvedȱ organicȱ nitrogenȱ originatingȱ
fromȱ biopolymersȱ [32].ȱ Averageȱ removalȱ ofȱ assimilableȱ
organicȱ carbonȱ (AOC)ȱ wasȱ inȱ theȱ rangeȱ ofȱ 38ȱ–ȱ47ȱ%ȱ andȱ
inȱ contrastȱ toȱDOCȱ removalȱslightlyȱ higherȱ atȱ theȱ higherȱ
infiltrationȱ rateȱ ofȱ 5.9ȱm/dȱ comparedȱ toȱ 2.9ȱm/dȱ [28].ȱ Atȱ
theȱ AlȬBirkȱ SWROȱ plantȱ onȱ theȱ Redȱ Sea,ȱ TOCȱ wasȱ
reducedȱ afterȱ beachȱ wellȱ abstractionȱ byȱ 68ȱ%.ȱ Easilyȱ
degradableȱ dissolvedȱ carbohydratesȱ andȱ proteinsȱ wereȱ
reducedȱbyȱ51ȱ–ȱ69ȱ%ȱandȱ73ȱ–ȱ100ȱ%,ȱrespectivelyȱ[30].ȱ
ȱ
Americanȱ Waterȱ analysedȱ feedwaterȱ samplesȱ fromȱ
differentȱ desalinationȱ plantsȱ throughoutȱ theȱ worldȱ
concerningȱAOCȱandȱTOC,ȱwhichȱareȱmainȱindicatorsȱforȱ
biofoulingȱ inȱ SWROȱ [33,ȱ 34].ȱAOCȱ andȱ TOCȱ wereȱ inȱ theȱ
rangeȱ ofȱ <51ȱ–ȱ500ȱΐg/lȱ andȱ <1ȱ–ȱ>10ȱmg/l,ȱ respectively.ȱ
Schneiderȱ etȱ al.ȱ [33,ȱ 34]ȱ foundȱ thatȱ feedwaterȱ abstractedȱ
fromȱ beachȱ wellsȱ hadȱ lowerȱ AOCȱ andȱ AOCȬsubstrateȱ
utilizationȱ ratesȱ thanȱ directȱ openȱ waterȱ intakesȱ andȱ thusȱ
lessȱ biofoulingȱ potential.ȱ Vezaȱ etȱ al.ȱ [35]ȱ measuredȱ theȱ
biofoulingȱ asȱ bioaccumulationȱ onȱ aȱ biomonitorȱ andȱ
subsequentȱ analysisȱ ofȱ theȱ adenosineȱ triphosphateȱ usingȱ
aȱ photoluminescenceȱ apparatus.ȱ Theȱ bioaccumulationȱ
wasȱsignificantlyȱlowerȱinȱwaterȱabstractedȱbyȱbeachȱwellsȱ
comparedȱ toȱ seawater,ȱ whichȱ correspondsȱ toȱ anȱ openȱ
seawaterȱintake.ȱȱ
ȱ
Mixingȱwithȱbrackishȱorȱfreshȱwaterȱcanȱyieldȱaȱreducedȱ
salinityȱ andȱ thusȱ aȱ lowerȱ osmoticȱ pressureȱ andȱ energyȱ
consumption.ȱDueȱtoȱtheȱinfluenceȱofȱgroundwater,ȱbeachȱ
wellȱwaterȱcanȱalsoȱbeȱpollutedȱbyȱcontaminantsȱsuchȱasȱ
fuelȱoilȱconstituents,ȱendocrineȱdisruptorsȱandȱsepticȱtankȱ
leachateȱ [15].ȱ Theȱ presenceȱ ofȱ dissolvedȱ ironȱ andȱ
manganeseȱ accompaniedȱ byȱ lowȱ dissolvedȱ oxygenȱ
concentrationsȱinȱtheȱinfiltrateȱcanȱmakeȱpreȬtreatmentȱofȱ
theȱ abstractedȱ waterȱ necessary.ȱ Accordingȱ toȱ Voutchkovȱ
[37],ȱdissolvedȱFeȱandȱMnȬconcentrationsȱcanȱbeȱtoleratedȱ
upȱ toȱ 2ȱ andȱ 0.1ȱmg/l,ȱ respectively.ȱ However,ȱ mixingȱ ofȱ
oxicȱ beachȱ sandȱ filtrateȱ withȱ anaerobicȱ groundwaterȱ orȱ
storageȱ ofȱ anaerobicȱ beachȱ sandȱ filtrateȱ inȱ openȱ intakeȱ
waterȱ tanks,ȱ ironȱ andȱ manganeseȱ areȱ oxidized,ȱ causingȱ
acceleratedȱ foulingȱ atȱ feedwaterȱ concentrationsȱ ofȱ 0.05ȱ
andȱ0.02ȱmg/lȱ[37].ȱ
ȱ
4.ȱBeachȱSandȱFiltrationȱinȱEgyptȱ
ȱ
Mostȱ ofȱ theȱ Egyptianȱ Redȱ Seaȱ coastalȱ tourismȱ areasȱ meetȱ
theirȱ freshȱ waterȱ requirementsȱ throughȱ desalinationȱ
processes.ȱ Reverseȱ osmosisȱ desalinationȱ plantsȱ areȱ widelyȱ
usedȱinȱ Egyptȱ andȱtheȱfeedwaterȱisȱseawaterȱsuppliedȱ viaȱ
openȱseawaterȱintakesȱandȱverticalȱbeachȱwellsȱ[38Ȭ40].ȱTheȱ
permeateȱ waterȱ qualityȱ compliesȱ withȱ bothȱ theȱ Egyptianȱ
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Ministryȱ ofȱ Healthȱ andȱ WHOȱ regulationsȱ concerningȱ
drinkingȱwaterȱqualityȱ[41].ȱForȱexample,ȱtheȱDahabȱSWROȱ
plantȱhasȱbeenȱconstructedȱonȱtheȱwadiȱDahabȱalluvialȱfanȱ
atȱ Dahabȱ cityȱ inȱ theȱ southȱ ofȱ theȱ Sinaiȱ Peninsula.ȱ Wadiȱ
Dahabȱalluvialȱfanȱextendsȱsubmarineȱforȱaboutȱ25ȱkmȱandȱ
canȱbeȱtracedȱdownȱtoȱaȱwaterȬdepthȱofȱ1000ȱmȱwithinȱtheȱ
Gulfȱ ofȱ Aqabaȱ [42].ȱ Theȱ Dahabȱ alluvialȱ fanȱ faciesȱ mainlyȱ
consistsȱofȱcoarseȱgravels.ȱBoreholesȱdrillingsȱtoȱaboutȱ62ȱmȱ
depthȱshowȱtheȱoccurrenceȱofȱanȱoverlaying,ȱshallowȱcoralȱ
reefȱbedȱatȱ2ȱmȱdepthȱbelowȱgroundȱsurfaceȱandȱanȱaverageȱ
thicknessȱ ofȱ aboutȱ 10ȱmȱ alongȱ theȱ coast.ȱ Salineȱ waterȱ isȱ
suppliedȱ fromȱ 5ȱ “old”ȱ andȱ 10ȱ “new”ȱ wellsȱ placedȱ atȱ 6ȱ–
ȱ41ȱmȱ distanceȱ toȱ theȱ shorelineȱ alongȱ theȱ Gulfȱ ofȱ Aqabaȱ
(Figuresȱ6ȱandȱ7).ȱTheȱSWROȱstationȱconsistsȱofȱfourȱunits,ȱ
twoȱunitsȱwithȱaȱmaximumȱcapacityȱofȱ2,000ȱm3/dȱandȱtwoȱ
unitsȱ withȱ 3,000ȱm3/dȱ (Figureȱ 8).ȱ Theȱ beachȱ wellsȱ haveȱ aȱ
diameterȱ ofȱ 15ȱ andȱ 20ȱcmȱ andȱ anȱ abstractionȱ rateȱ ofȱ 20ȱ–
ȱ80ȱm3/hȱ (oldȱ wells)ȱ andȱ 120ȱ–ȱ150ȱm3/hȱ (newȱ wells).ȱ Theȱ
wellsȱareȱdrilledȱdownȱtoȱaȱdepthȱbetweenȱ46ȱandȱ58.8ȱm,ȱ
andȱ theȱ filterȱ screensȱ areȱ locatedȱ betweenȱ 10ȱ andȱ 45ȱmȱ
belowȱgroundȱsurface.ȱTheȱsalinityȱofȱtheȱfeedȱseawaterȱisȱ
inȱtheȱorderȱofȱ44,000ȱppm,ȱtheȱsalinityȱofȱtheȱpermeateȱandȱ
theȱ concentrateȱ isȱ aboutȱ 355ȱppmȱ andȱ 52,115ȱ ppm,ȱ
respectively.ȱTheȱuseȱofȱbeachȱwellsȱimprovesȱwaterȱquality,ȱ
particularlyȱthroughȱremovalȱofȱparticlesȱandȱorganicȱmatter.ȱ
Dahabȱ beachȱ wellsȱ deliverȱ goodȱ qualityȱ feedwaterȱ withȱ anȱ
SDIȱvalueȱinȱtheȱrangeȱofȱ0.27ȱtoȱ0.82ȱcomparedȱtoȱseawaterȱ
SDIȱ valuesȱ takenȱ fromȱ theȱ nearbyȱ Sharmȱ ElȬSheikȱ oldȱ
harbourȱplantȱfromȱ2.6ȱtoȱ2.7ȱwithȱnoȱneedȱforȱfurtherȱpreȬ
treatment.ȱ Inȱ addition,ȱ theȱ chemicalȱ consumptionȱ rateȱ perȱ
monthȱ usedȱ forȱ preȬȱ andȱ postȬtreatmentȱ isȱ aboutȱ 30ȱ%ȱ toȱ
50ȱ%ȱlowerȱthanȱthatȱatȱSharmȱElȬSheikȱoldȱharbourȱplant.ȱȱ
ȱ
ResultsȱfromȱaȱwaterȱqualityȱanalysisȱinȱFebruaryȱ2012ȱinȱ
Dahabȱ showedȱ aȱ reductionȱ inȱ DOCȱ andȱ UVȬ254ȱ throughȱ
beachȱ wellȱ filtrationȱ byȱ 25ȱ–ȱ50ȱ%ȱ andȱ 36ȱ–ȱ67ȱ%,ȱ
respectivelyȱ(Tableȱ2).ȱȱ
ȱ
Parameterȱ
SeaȬ
Wellȱ
Wellȱ
Wellȱ Wellȱ8ȱ
waterȱ 9ȱoldȱ 8ȱoldȱ 1ȱnewȱ newȱ
Distanceȱ
0ȱ
6ȱ
9.5ȱ
31ȱ
41ȱ
(m)ȱ
DOC*ȱ
1.6ȱ
1.2ȱ
2.3ȱ
0.6ȱ
0.8ȱ
(mg/l)ȱ
1.4ȱ
0.8ȱ
0.9ȱ
0.8ȱ
0.6ȱ
UVȬ254ȱ
Ȭ1
(m )ȱ
ECȱ
61.9ȱ
62.2ȱ
62.0ȱ
56.7**ȱ
63.4ȱ
(mS/cm)ȱ
*detectionȱlimitȱDOCȱ=ȱ1ȱmg/l,ȱ**higherȱportionȱofȱgroundwaterȱ
Tableȱ2.ȱDahabȱbeachȱwellȱwaterȱanalysisȱ(Februaryȱ2012)ȱ
ȱ

Lowerȱ DOC/UVȱ valuesȱ atȱ wellȱ 8ȱ (new)ȱ indicateȱ higherȱ
attenuationȱ ratesȱ dueȱ toȱ aȱ greaterȱ travelȱ distanceȱ andȱ aȱ
correspondingȱ longerȱ travelȱ time.ȱ Theȱ sandȱ actsȱ asȱ aȱ
naturalȱfilterȱandȱtheȱsubsequentȱchemicalȱtreatmentȱcostȱ
isȱlowȱ[40].ȱ
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Figureȱ6.ȱLocationȱofȱbeachȱwellsȱatȱDahab,ȱEgyptȱ

ȱ

ȱȱ
Figureȱ7.ȱWellȱfieldȱatȱDahabȱdesalinationȱplantȱ

ȱ

Dahabȱ SWROȱ plantȱ withȱ concentrationsȱ ofȱ 0.6ȱmg/lȱ mayȱ
increaseȱ theȱ investmentȱ andȱ operationalȱ costsȱ ofȱ
additionalȱpreȬtreatmentȱinȱtheȱfuture.ȱToday,ȱtheȱironȱcanȱ
beȱ passedȱ throughȱ aȱ multiȬmediaȱ bedȱ filterȱ priorȱ toȱ
membraneȱ filtration,ȱ butȱ remainsȱ aȱ problemȱ forȱ rawȱ
waterȱsupplyȱpipes.ȱȱ
ȱ
AlongȱtheȱGulfȱofȱAqaba,ȱopenȱseawaterȱintakesȱalsoȱfaceȱ
otherȱ problemsȱ besidesȱ dissolvedȱ ironȱ andȱ landwardȱ
groundwaterȱ contaminations.ȱ Duringȱ summerȱ lowȱ tide,ȱ
theȱdifferenceȱinȱheadȱbetweenȱtheȱminimumȱwaterȱlevelȱ
inȱ theȱ intakeȱ tankȱ ofȱ theȱ Sharmȱ ElȬSheikȱ oldȱ harbourȱ
desalinationȱ plantȱ andȱ theȱ openȱ seaȱ isȱ belowȱ theȱ
minimumȱ levelȱ requiredȱ toȱ sustainȱ aȱ constantȱ feedȱ flowȱ
rateȱ underȱ gravityȱ alone.ȱ Furthermore,ȱ theȱ sameȱ openȱ
intakeȱ pipeȱ itselfȱ hasȱ repeatedlyȱ beenȱ misusedȱ toȱ anchorȱ
smallȬȱ andȱ mediumȬsizedȱ fishingȱ boats,ȱ andȱ wasȱ thusȱ
liftedȱupȱorȱdislocatedȱfromȱitsȱoriginalȱposition,ȱpossiblyȱ
sustainingȱstructuralȱdamage.ȱ
ȱ
5.ȱSimulationȱofȱBeachȱSandȱFiltrationȱȱ
UsingȱColumnȱExperimentsȱ
ȱ
Columnȱexperimentsȱhaveȱbeenȱcarriedȱoutȱusingȱnaturalȱ
andȱ wastewaterȱ DOCȬspikedȱ seawaterȱ andȱ coralȱ beachȱ
sandȱ fromȱ Lanikaiȱ Beach,ȱ Hawaiiȱ (USA)ȱ toȱ assessȱ theȱ
TOCȱ removalȱ efficiencyȱ ofȱ coralȱ sandȱ atȱ lowȱ andȱ highȱ
infiltrationȱ ratesȱ asȱ aȱ functionȱ ofȱ theȱ flowȱ pathȱ lengthȱ
(travel/contactȱtime).ȱȱ
ȱ
Theȱ experimentalȱ flowȬthroughȱ columnȱ setupȱ consistedȱ
ofȱaȱ1ȱmȱlongȱandȱ0.1ȱmȱdiameterȱacrylicȱpipeȱhandȬfilledȱ
toȱ0.9ȱmȱwithȱcoralȱsandȱ(Figureȱ9).ȱȱ
ȱ

ȱ

Figureȱ8.ȱDahabȱROȱMembraneȱUnitȱ

ȱ
Dueȱtoȱtheȱcorrosiveȱnatureȱofȱsalineȱwaterȱtheȱbeachȱwellȱ
pumpsȱ wereȱ corrodedȱ shortlyȱ afterȱ startingȱ operation.ȱ
Beachȱ sandȱ filtrationȱ isȱ evaluatedȱ toȱ allowȱ longerȱ useȱ ofȱ
membranesȱ inȱ theȱ treatmentȱ plant,ȱ whereȱ theȱ costȱ ofȱ theȱ
membranesȱisȱapproximatelyȱ20ȱ%ȱofȱtheȱtotalȱcostȱofȱtheȱ
desalinationȱprocess,ȱbutȱthisȱevaluationȱwasȱdoneȱbyȱtheȱ
operatorsȱ inȱ aȱ qualitativeȱ wayȱ andȱ hasȱ notȱ yetȱ beenȱ
quantified.ȱ Anotherȱ advantageȱ isȱ thatȱ theȱ feedwaterȱ
producedȱ fromȱ theȱ beachȱ wellsȱ hasȱ aȱ stableȱ temperatureȱ
allȱyearȱround,ȱsinceȱROȱsystemsȱareȱsensitiveȱtoȱchangesȱ
inȱ feedwaterȱ temperature.ȱ However,ȱ theȱ recentȱ
occurrenceȱ ofȱ dissolvedȱ ironȱ inȱ oneȱ ofȱ theȱ newȱ wellsȱ atȱ
6
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ȱ

Figureȱ9.ȱExperimentalȱsetupȱ

ȱ
Theȱ energyȱ dispersiveȱ spectroscopyȱ performedȱ atȱ 2ȱ KVȱ
showedȱtheȱcoralȱsand’sȱelementalȱcompositionȱtoȱconsistȱ
mainlyȱofȱoxygen,ȱcalciumȱandȱcarbon.ȱMoreȱthanȱ95ȱ%ȱofȱ
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theȱ grainsȱ wereȱ smallerȱ thanȱ 1ȱmmȱ andȱ 90ȱ%ȱ ofȱ theȱ
retainedȱgrainsȱwereȱinȱtheȱrangeȱofȱ0.1ȱmmȱtoȱ1ȱmm.ȱTheȱ
uniformityȱvalueȱwasȱcalculatedȱtoȱ2.2.ȱTheȱplatyȱshapedȱ
coralȱ sandȱ hadȱ aȱ measuredȱ hydraulicȱ conductivityȱ ofȱ
1.0EȬ04ȱm/sȱ andȱ aȱ porosityȱ ofȱ 41ȱ%.ȱ Toȱ minimizeȱ wallȱ
effects,ȱ theȱ sandȱ wasȱ filledȱ inȱ wetȱ andȱ compactedȱ inȱ
layers.ȱAfterȱ everyȱ compaction,ȱ waterȱ wasȱ pumpedȱ fromȱ
theȱbottomȱinȱupȬflowȱmannerȱbelowȱtheȱsandbedȱsurfaceȱ
toȱremoveȱentrappedȱairȱbubbles.ȱTheȱacrylicȱcolumnȱwasȱ
wrappedȱ inȱ opaqueȱ aluminiumȱ foilȱ toȱ preventȱ
photodegradationȱandȱtheȱgrowthȱofȱalgae.ȱAtȱtheȱinletȱonȱ
topȱ wasȱ aȱ 0.1ȱmȱ deepȱ pumpȬfedȱ openȱ waterȱ column,ȱ
equippedȱ withȱ anȱ overflowȱ toȱ ensureȱ aȱ constantȱ waterȱ
level.ȱThisȱwaterȱcolumnȱwasȱconstantlyȱstirredȱatȱ20ȱrpmȱ
withȱ aȱ smallȱ propellerȱ toȱ preventȱ sedimentationȱ andȱ
simulateȱwaveȱmovement.ȱAȱclearȱcloggingȱlayerȱwasȱnotȱ
observedȱonȱtheȱfilterbedȱduringȱtheȱexperimentsȱnorȱdidȱ
headȱ lossȱ affectȱ theȱ infiltrationȱ rateȱ significantly.ȱ Theȱ
waterȱflowȱwasȱregulatedȱbyȱaȱperistalticȱpumpȱinstalledȱ
atȱ theȱ columnȱ outlet.ȱ Waterȱ wasȱ drawnȱ inȱ aȱ downȬflowȱ
mannerȱ fromȱ theȱ openȱ waterȱ inletȱ throughȱ aȱ 0.9ȱ mȱ longȱ
coralȱ sandȱ passageȱ atȱ constantȱ roomȱ temperatureȱ ofȱ 20ȱ–
ȱ21ȱ °C.ȱ Threeȱ thinȱ PEȱ tubesȱ withȱ anȱ innerȱ diameterȱ ofȱ
1.6ȱmmȱwereȱplacedȱatȱdifferentȱdepthsȱinsideȱtheȱcolumnȱ
toȱextractȱwaterȱsamplesȱwithȱaȱsyringeȱfromȱ0.3ȱm,ȱ0.5ȱmȱ
andȱ 0.7ȱmȱ belowȱ theȱ sandbed.ȱ Waterȱ samplesȱ wereȱ alsoȱ
takenȱ directlyȱ atȱ theȱ columnȱ inletȱ andȱ outletȱ (PEȱ tube).ȱ
Flowȱrateȱwasȱmeasuredȱusingȱaȱmeasuringȱcylinderȱandȱ
aȱstopȱwatch.ȱWaterȱwasȱanalysedȱforȱparametersȱrelevantȱ
toȱ membraneȱ fouling,ȱ suchȱ asȱ TOC,ȱ turbidityȱ andȱ totalȱ
nitrogenȱ (TN)ȱ atȱ lowȱ (0.4ȱm/d)ȱ andȱ highȱ (1.1ȱm/d)ȱ
infiltrationȱrates.ȱTOCȱwasȱanalysedȱinȱduplicateȱasȱnonȬ
purgeableȱorganicȱcarbonȱ(NPOC)ȱtogetherȱwithȱTNȱinȱaȱ
Shimadzuȱ TOCȬVȱ analyserȱ withȱ aȱ TNMȬ1ȱ totalȱ nitrogenȱ
detector.ȱ Turbidityȱ wasȱ analysedȱ usingȱ aȱ 2100ȱ Nȱ
Turbidimeterȱ (Hach)ȱ andȱ nitrateȱ usingȱ aȱ Dionexȱ DXȬ120ȱ
IonȱChromatograph.ȱDissolvedȱoxygen,ȱpHȱandȱelectricalȱ
conductivityȱ (EC)ȱ wereȱ measuredȱ usingȱ YSIȱ probesȱ inȱ aȱ
flowȬthroughȱ cell.ȱ Afterȱ aȱ runȬinȱ phaseȱ ofȱ fourȱ weeksȱ atȱ
theȱ lowȱ infiltrationȱ rateȱ andȱ anotherȱ weekȱ atȱ theȱ highȱ
infiltrationȱ rate,ȱ infiltrationȱ testsȱ wereȱ runȱ firstȱ withȱ
naturalȱseawaterȱatȱhighȱandȱthereafterȱatȱlowȱinfiltrationȱ
rates.ȱ Later,ȱ seawaterȱ wasȱ spikedȱ withȱ wastewaterȬ
derivedȱ DOCȱ toȱ simulateȱ higherȱ DOC,ȱ byȱ addingȱ filterȬ
sterilizedȱ wastewaterȱ effluentȱ fromȱ activatedȱ sludgeȱ
treatmentȱatȱtheȱHonouliuliȱwastewaterȱtreatmentȱplantȱatȱ
aȱ ratioȱ ofȱ 1:4.ȱ Theȱ seawaterȱ wasȱ collectedȱ weeklyȱ atȱ Alaȱ
Moanaȱ Beachȱ Park,ȱ locatedȱ onȱ Oahu’sȱ southȱ shoreȱ inȱ
centralȱ Honolulu.ȱ Theȱ beachȱ isȱ manȬmadeȱ withȱ coarseȱ
sand,ȱprotectedȱbyȱaȱreefȱandȱthusȱpopularȱforȱswimming.ȱ
Waterȱwasȱfilledȱintoȱphotoȱresistantȱtanksȱatȱ0.5ȱmȱdepthȱ
andȱstoredȱinȱtheȱlaboratoryȱatȱ4ȱ°C.ȱȱ
ȱ
Usingȱnaturalȱseawaterȱ(nat.ȱSW)ȱatȱaȱlowȱinfiltrationȱrate,ȱ
theȱdissolvedȱoxygenȱ(DO)ȱwasȱcompletelyȱconsumedȱ(toȱ
<0.2ȱmg/l)ȱ afterȱ 0.9ȱ mȱ filtrationȱ distance.ȱ Asȱ flowȱ pathȱ
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lengthȱ increased,ȱ theȱ TOCȱ concentrationȱ decreasedȱ
linearlyȱbyȱ31ȱ–ȱ36ȱ%ȱfromȱ0.98ȱ–ȱ1.02ȱmg/lȱtoȱ0.67ȱmg/lȱatȱ
0.9ȱmȱ throughȱ biologicalȱ metabolismȱ asȱ indicatedȱ byȱ theȱ
strongȱ oxygenȱ depletionȱ TNȱ wasȱ inȱ theȱ rangeȱ ofȱ 0.10ȱ–
ȱ0.11ȱ atȱ 0ȱmȱ andȱ 0.09ȱ–ȱ0.11ȱmg/lȱ atȱ 0.9ȱm,ȱ indicatingȱ noȱ
significantȱ changeȱ inȱ concentrationȱ betweenȱ inȬȱ andȱ
outflow.ȱTurbidityȱwasȱreducedȱbyȱ47ȱ–ȱ67ȱ%ȱduringȱ0.9ȱmȱ
sandȱ filtrationȱ fromȱ 0.32ȱ–ȱ0.52ȱ NTUȱ toȱ 0.16ȱ–ȱ0.17ȱNTUȱ
(Figureȱ 10).ȱ Mostȱ ofȱ theȱ turbidityȬcausingȱ particlesȱ andȱ
colloidsȱwereȱalreadyȱremovedȱatȱ0.3ȱmȱintoȱtheȱsandbed.ȱ
Longerȱflowpathsȱshowedȱlittleȱfurtherȱremoval.ȱȱ
ȱ
Atȱhighȱinfiltrationȱrates,ȱdissolvedȱoxygenȱwasȱmeasuredȱ
atȱ3ȱ–ȱ4ȱmg/lȱinȱtheȱoutflow,ȱbutȱTOCȱreductionȱwasȱstillȱinȱ
theȱ rangeȱ ofȱ 30ȱ–ȱ34ȱ%.ȱ Asȱ TOCȱ degradationȱ remainedȱ
unaffectedȱ byȱ theȱ travelȱ time,ȱ itȱ isȱ assumedȱ thatȱ mostȱ ofȱ
theȱeasilyȱbiodegradableȱfractionȱofȱTOCȱwasȱdegradedȱatȱ
bothȱhighȱandȱlowȱinfiltrationȱrates.ȱTheȱlowerȱdissolvedȱ
oxygenȱ valuesȱ measuredȱ atȱ theȱ columnȱ outletȱ atȱ lowȱ
infiltrationȱ mayȱ beȱ explainedȱ byȱ theȱ degradationȱ ofȱ
entrappedȱalgaeȱandȱorganicȱmatterȱwithinȱtheȱcoralȱsand,ȱ
whichȱ isȱ alsoȱ subjectȱ toȱ biologicalȱ metabolism.ȱ Outflowȱ
turbidityȱ wasȱ slightlyȱ higherȱ inȱ testsȱ atȱ lowȱ infiltrationȱ
rates,ȱ butȱ itȱ wasȱ concludedȱ thatȱ shearȱ forcesȱ showedȱ noȱ
effectȱonȱtheȱremovalȱefficiencyȱasȱoutflowȱturbidityȱwasȱ
0.13ȱ–ȱ0.14ȱNTUȱ(Figureȱ10).ȱȱ
ȱ

ȱ

Figureȱ 10.ȱ Turbidity,ȱ TOCȱ andȱ TNȱ duringȱ filtrationȱ atȱ highȱ andȱ
lowȱinfiltrationȱrateȱ(averageȱvalues,ȱn=2Ȭ3)ȱ

ȱ

ȱ

Figureȱ 11.ȱ Turbidity,ȱ TOCȱ andȱ TNȱ inȱ naturalȱ andȱ wastewaterȬ
spikedȱseawaterȱatȱhighȱinfiltrationȱrateȱ(averageȱvalues,ȱn=2Ȭ3)ȱ
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Beachȱwellȱsystemsȱmayȱbeȱaffectedȱbyȱwastewaterȱinputsȱ
dueȱ toȱ furtherȱ developmentȱ alongȱ coastlinesȱ andȱ
insufficientȱ regulations.ȱ Thus,ȱ experimentsȱ wereȱ carriedȱ
outȱwithȱaȱmixtureȱofȱseawaterȱandȱdomesticȱwastewater.ȱ
Addingȱwastewaterȱatȱaȱratioȱofȱ1:4ȱloweredȱ ECȱandȱDOȱ
fromȱ 49ȱ toȱ 41ȱmS/cm,ȱ andȱ 8.4ȱ toȱ 6.6ȱmg/l,ȱ respectively.ȱ
Nitrateȱ increasedȱ fromȱ belowȱ theȱ detectionȱ limitȱ toȱ
1.48ȱmg/l.ȱ Averageȱ TNȱ andȱ TOCȱ wereȱ steppedȱ upȱ fromȱ
0.1ȱ toȱ 3.8ȱmg/lȱ andȱ 0.98ȱ toȱ 2.47ȱmg/l,ȱ respectively.ȱ
Turbidityȱshowedȱnoȱeffectȱfromȱmixing.ȱ
ȱ
Testsȱ withȱ wastewaterȬspikedȱ seawaterȱ (DOCȬspikedȱ SW)ȱ
wereȱ onlyȱ conductedȱ atȱ aȱ highȱ infiltrationȱ rate.ȱ Nitrateȱ
concentrationȱ increasedȱ upȱ toȱ 4ȱmg/lȱ atȱ 0.9ȱmȱ dueȱ toȱ
nitrification.ȱ Dissolvedȱ oxygenȱ wasȱ measuredȱ belowȱ
0.2ȱmg/lȱ inȱ theȱ outflow.ȱ Dueȱ toȱ moreȱ easilyȱ availableȱ
organicȱcarbon,ȱ47ȱ–ȱ52ȱ%ȱofȱtheȱTOCȱwasȱremovedȱafterȱ0.9ȱ
mȱbeachȱsandȱfiltration.ȱTheȱlinearȱremovalȱrateȱwasȱupȱtoȱ
fourȱ timesȱ higherȱ thanȱ withȱ naturalȱ seawater.ȱ TNȱ wasȱ
reducedȱ slightlyȱ byȱ 3ȱ–ȱ4ȱ%.ȱ Turbidityȱ wasȱ againȱ removedȱ
toȱaȱvalueȱofȱ0.13ȱ–ȱ0.14,ȱbutȱaboveȱ0.1ȱNTUȱ(Figureȱ11).ȱ
ȱ
6.ȱConclusionsȱ
ȱ
Throughȱ naturalȱ filtration,ȱ beachȱ wellȱ abstractionȱ canȱ
reduceȱBDOCȱandȱsubsequentȱmembraneȱfouling,ȱandȱcanȱ
evenȱ renderȱ preȬtreatmentȱ unnecessary.ȱ Accordingȱ toȱ theȱ
literature,ȱSWROȱplantsȱonȱtheȱWesternȱMediterraneanȱSea,ȱ
theȱ Gulfȱ ofȱ Aqaba,ȱ Northȱ Pacificȱ Oceanȱ andȱ theȱ Redȱ Seaȱ
utilizingȱ beachȱ wellsȱ showȱ lessȱ bioȬȱ andȱ organicȱ foulingȱ
thanȱ conventionalȱ openȱ seawaterȱ intakes.ȱ Studiesȱ haveȱ
shownȱ thatȱ beachȱ sandȱ filtrationȱ significantlyȱ reducesȱ
hydrophilicȱ neutralȱ substancesȱ suchȱ asȱ polysaccharidesȱ
andȱ proteinsȱ withȱ highȱ molecularȱ weightȱ asȱ wellȱ asȱAOCȱ
andȱDOC.ȱPreliminaryȱ experimentalȱ resultsȱ fromȱ columnȱ
testsȱ withȱ coralȱ beachȱ sandȱ fromȱ Hawaiiȱ showȱ goodȱ
reductionȱ ofȱ theȱ targetedȱ parameters.ȱ Inȱ thisȱ study,ȱ testsȱ
indicateȱ thatȱ theȱ efficiencyȱ ofȱ theȱ coralȱ sandȱ filterbedȱ inȱ
removingȱ turbidityȱ andȱ theȱ biodegradableȱ fractionȱ ofȱ
TOCȱwasȱnotȱaffectedȱbyȱlowȱandȱhighȱinfiltrationȱrates.ȱAsȱ
inȱ RBF,ȱ theȱ highestȱ removalȱ ofȱ turbidityȱ andȱ TOCȱ tookȱ
placeȱ afterȱ infiltrationȱ inȱ theȱ upperȱ sandbed.ȱAȱ flowȱ pathȱ
lengthȱofȱ0.3ȱmȱdepthȱwasȱsufficientȱtoȱremoveȱ70ȱtoȱ92ȱ%ȱofȱ
theȱ particlesȱ andȱ colloidsȱ measuredȱ asȱ turbidityȱ inȱ theȱ
seawater.ȱFurtherȱfiltrationȱshowedȱnoȱeffectȱandȱturbidityȱ
wasȱnotȱreducedȱbelowȱaȱvalueȱofȱ0.13ȱ–ȱ0.16ȱNTU.ȱAtȱbothȱ
highȱ andȱlowȱinfiltrationȱrate,ȱ aȱflowȱpathȱlengthȱ ofȱ0.9ȱmȱ
wasȱ sufficientȱ toȱ removeȱ theȱ easilyȱ biodegradableȱ fractionȱ
ofȱTOCȱandȱupȱtoȱ50ȱ%ȱofȱtheȱTOCȱinȱtestȱwithȱwastewaterȬ
spikedȱseawaterȱatȱhighȱinfiltrationȱrateȱandȱaȱtemperatureȱ
ofȱ 20ȱ °C.ȱ Beachȱ wellsȱ provideȱ waterȱ withȱ lessȱ turbidity,ȱ
consistentȱ waterȱ temperature,ȱ reducedȱ dissolvedȱ organicȱ
contentȱ andȱ higherȱ biostability.ȱ However,ȱ beachȱ sandȱ
filtrationȱ systemsȱ areȱ limitedȱ inȱ capacityȱ byȱ beachȱ sandȱ
hydraulicȱconductivityȱandȱaquiferȱthickness.ȱNewȱbeachȱ
wellȱ systems,ȱ suchȱ asȱ HDDȱ wellsȱ andȱ artificialȱ seabeds,ȱ
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haveȱ beenȱ designedȱ toȱ overcomeȱ hydrogeologicalȱ
limitations.ȱ However,ȱ furtherȱ researchȱ isȱ neededȱ forȱ aȱ
betterȱunderstandingȱofȱhowȱorganicȱandȱbioȬfoulingȱcanȱ
beȱeffectivelyȱreducedȱbyȱbeachȱwellȱabstractionȱandȱwhatȱ
areȱ theȱ designȱ recommendationsȱ (e.g.,ȱ filterbedȱ depth,ȱ
infiltrationȱrate)ȱforȱtheȱcostȱeffectiveȱdesignȱofȱbeachȱwellȱ
systems.ȱ
ȱ
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